1. Pigs treated with nitrous oxide for periods of 1, 2 and 4 months demonstrated markedly reduced levels of methionine synthase and concomitant reduction in the ratio of S-adenosylmethionine to Sadenosylhomocysteine, the methylation ratio, at all time intervals. 2. Both '0' and 'N' methylations were significantly reduced in pigs after 4 months in nitrous oxide but not after shorter periods. 3. Hypomethylation correlated with the development of clinical ataxia, but was absent when the pigs were clinically normal. It also only occurred when the S-adenosylmethionine level fell. 4. Rats maintained in nitrous oxide for 4 months showed a marked reduction of methionine synthase but no reduction in the methylation ratio or in brain hypomethylation. None of the rats became clinically ataxic. 5. Using an exogenous protein as a methyl group acceptor, it was demonstrated in an in vitro assay that the methyltransferase enzymes responsible for brain '0' and 'N' methylation were not affected per se by nitrous oxide treatment. 6. It is concluded that reduction of the methylation ratio in the brain of pigs as a consequence of methionine synthase inhibition leads to brain hypomethylation. This hypomethylation could affect critical components of nerve tissue, inducing the vacuolar myelopathic changes seen in the spinal cord of these animals, which mimic those of subacute combined degeneration in man.
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I NTRO D U CTlO N
S-Adenosylmethionine (SAM) is the principal donor of methyl groups in internal metabolism [l] , the transfer of which is catalysed by methyl-' transferases. Protein methylation is ubiquitous in nature, but occurs especially in specialized proteins such as histones, myosin, calmodulin and myelin basic protein (MBP) [2] . S-Adenosylhomocysteine (SAH) is the product of these methylation reactions and is the natural inhibitor of SAM-mediated methylation reactions [3] . SAH is normally hydrolysed to homocysteine, which is then either remethylated back to methionine by methionine synthase or betaine methyltransferase or catabolized via cystathionine and cysteine (Fig. 1) . Thus, the ratio of SAM to SAH will determine the activity of the methylation reactions and has been termed the methylation ratio [3] .
The vitamin B,,-independent enzyme betaine methyltransferase does not occur in the central nervous system [4] . Thus, when the vitamin B,,-dependent methionine synthase is inhibited, homocysteine cannot be remethylated and can only be catabolized via cystathionine synthase to cystathionine. However, the flux through this pathway is also low because of the relatively high K, of cystathionine synthase when compared with that of methionine synthase [S] . In addition, SAM activates cystathionine synthase, thus the lower SAM levels which occur as a consequence of methionine synthase inhibition might be expected to diminish homocysteine metabolism [6] . The resultant rise in the homocysteine level increases the level of SAH, which in turn lowers the methylation ratio [7] . The anaesthetic gas, nitrous oxide (N,O), inactivates methionine synthase [S] , and prolonged exposure has been shown to cause neurological lesions similar to subacute combined degeneration (SCD) in monkeys [9] , fruit bats [lo], pigs [ll] and humans [12] . We have recently produced evidence that, when ratios of SAM to SAH previously demonstrated to be present in uivo in N,O-treated pigs are reproduced in uitro in the brains of rats, pigs and humans, '0' and ' N methyltransferase enzymes are indeed inhibited [13] . In this study we have deter- 
Animals
Female weanling Wistar (9Og) rats were fed a standard laboratory diet, and water and food were limited in the air group to correspond to the weekly intake in the N,O-treated group. Rats in the N,O group were placed in sealed chambers and maintained in an atmosphere of N,O-O, (5050, v/v) at a'constant flow rate of 1 l/min for 4 months, with a weekly regimen of 4 days in N 2 0 followed by 3 days in air. For each N,O group a control group was maintained in air. At the end of each experiment rats were killed by cervical dislocation. Tissue samples were snap frozen in liquid nitrogen and stored at -20°C until assayed.
Weanling landrace pigs (5 weeks) were maintained in air or in 15% N 2 0 for periods of 1, 2 and 4 months, 4 days in and 3 days out of NzO in the first two groups and 5 days in and 7 days out in the 4-month group. Pigs maintained in N,O were fed ad libitum with a diet supplemented with vitamin BIZ. Food was limited in the air group to correspond to the weekly intake in the N,O-treated group. The animals were observed on a daily basis for evidence of clinical ataxia, and notes of such ataxia were recorded. At the end of each experiment the pigs were killed by intravenous injection of pentabarbit one.
Tissue preparation
Following death, neural and liver tissue from the rats and pigs was removed and immediately frozen in liquid nitrogen and stored at -20°C until use. For the measurement of methylation activity, tissue samples were hand homogenized in 10 volumes of water using a Dounce homogenizer and pestle [ 15, 161. Homogenized tissue was filtered through nylon gauze and the filtrate aliquoted and stored at -20°C.
The level of '0' and 'N' methylation in brain protein
The extent of '0' and 'N' methylation was assayed by a modification of previously described methods [15] [16] [17] . The incubation mixture contained 66 p1 of 0.4 mol/l sodium phosphate buffer, pH 6.4, 20pmol/l S-adenosyl-~-[methyl-~H]methionine (72 pCi/nmol), 50 pl of 50 pmol/l S-adenosyl-Lmethionine, 7 p1 of 0.01 mol/l NaOH (to neutralize the HzS04 in the S-aden~syl-L-[methyl-~H] methionine solution) and 5Opl of homogenate, in a final volume of 200~1. The reaction was carried out at 37°C for 1 h and terminated by the addition of 1 ml of ice-cold trichloroacetic acid (TCA) (lo%, w/v) to precipitate methylated proteins and 200 pl of bovine serum albumin (BSA) (l%, w/v) as a coprecipitant. The tubes were centrifuged in a bench centrifuge at 12OOOg for 2min. The supernatant was discarded and the pellet washed three more times with 1 ml of TCA (lo%, w/v) followed by resuspension and centrifugation. These washes removed unreacted S-adenosyl-~-[methyl-~H]methionine and other soluble molecules which may have been methylated. The precipitates were subjected to alkaline hydrolysis as the protein carboxymethyl ester is unstable in aqueous alkaline solution and yields methanol. This was achieved by resuspending the pellets in l m l of lmol/l borate buffer, pH 11.0, containing methanol 0.7% (v/v) as carrier. The C3H]methanol formed was extracted into 3 ml of toluene-isoamyl alcohol (3:2, v/v) and an aliquot from the upper organic phase quantitated by scintillation counting. This aliquot was referred to as ' 0 methylation. The extraction procedure was repeated a further four times.
[14C]Methanol was used as a standard to ensure that all methanol was being extracted. The percentage extracted was always in excess of 95%. The radioactivity of the samples was counted using 'Ecoscint' (New England Nuclear) scintillation fluid. An internal control was used in each assay to determine inter-assay variation. This consisted of a brain homogenate from a normal pig, collected from a local abattoir. A blank in which homogenate was added after the incubation period was run simultaneously. All experiments were carried out in duplicate. Activity was expressed as units per mg of protein, where 1 unit equals 1 pmol of C3H]methyl transferred or incorporated into protein per min. After all C3H]methanol had been removed, a sample was taken from the lower inorganic phase and quantitated by scintillation counting. This sample was referred to as ' N methylation. Protein concentration was determined as previously described [18] using BSA as a standard.
Verification of the stability of methyltransferase enzymes in the experimental system
The assay was carried out as described above to measure the extent of the '0' and 'N' protein methylation with the exception that an exogenous methyl group acceptor protein, histone type IIA, in a final volume of 200p1, was added to the incubation mixture.
Methionine synthase assay the method described by Molloy et al. [19] .
Methionine synthase activity was measured by

Measurement of Sadenosyl-L-methionine and Sadenosyl-L-homocysteine
The measurement of S-adenosyl-L-methionine and S-adenosyl-L-homocysteine in animal tissues was carried out using the method previously published POI.
Statistical methods
significance.
Student's t-test was used to assess the level of
RESULTS
Levels of '0' and 'N' methylation in pigs and rats treated with N20 for varying time periods compared with air-breathing controls Table 1 shows levels of protein methylation in pigs and rats maintained in air or treated with N,O for 4 months. The level of '0' or ' N methylation in the brain cortex was almost twice as high in the N,O-treated pigs, indicating that there were 50% more sites available to be methylated following N 2 0 treatment, suggesting that these sites were hypomethylated in vivo.
The degree of hypomethylation was also higher in the spinal cord and cerebellum for both '0' and ' N methylation. The differences were all highly significant, especially in the spinal cord. However, for up to 2 months there was no difference in the level of methylation of neural tissue of the pigs in N 2 0 when compared with their corresponding airbreathing controls for either '0' or ' N methylation. The N20-treated animals were only occasionally mildly ataxic during this period. By comparison, the level of protein methylation in rat neural tissue after 4 months showed no significant difference between air-breathing and N,O-treated animals ('O,, P>0.05; 'N, P<0.7) ( Table 1 ). In both animals in the liver the differences were small and non-significant.
Levels of methionine synthase, SAM, SAH and the methylation ratio
The levels in the brain cortex of N20-and air-breathing pigs at varying time intervals are Table 2 . At all times there was a marked reduction in both methionine synthase and the methylation ratio. In the spinal cord methionine synthase decreased from 10.7 f 3.1 (3) [mean f SD (n)] to 1.04f0.3 (4) after 4 months in N 2 0 , which mirrored the marked reduction found in the pig brain cortex. The reduction in the methylation ratio was due initially to the marked rise in the SAH level and subsequently, after 4 months in N,O, to a significant reduction in the SAM level. The methionine synthase levels fell in all N,O-treated rats in both the brain and the liver, but there was no significant difference in the methylation ratios when the N,O-and air-breathing animals were compared (P>O.l).
Clinical effects of N1O treatment
The pigs in N,O developed varying degrees of clinical ataxia. It was either absent or mild in all animals up to 2 months, but became obvious in all animals at 4 months and was severe in three of the six animals. The pigs maintained in air were clinically well. The rats in N,O remained clinically well and gained weight at the same rate as those in air.
The levels of hypomethylation in the brains of severely ataxic and ataxic pigs treated with NzO for 4 months and in control air-breathing pigs are shown in Fig. 2. The differences in the level of hypomethylation between air-breathing and N,O-treated pigs were significant ('O', P <0.005; 'N, P < 0.005) and were higher in the severely ataxic than in the ataxic animals ('O', P<0.005; 'N, P < 0.05).
Stability of the protein methyltransferase enzymes in nitrous oxide
It is possible that the effect on protein methylation was due to in uitro interference with the methyltransferase enzymes by N 2 0 , producing an apparent hypomethylation under the conditions used. The stability of the methyltransferase enzymes was assessed as follows.
(a) Prolonged incubation of brain tissue in S-1' " 
adenosyl-~-[methyl-~H]methionine.
The incubation period of the methylation assay was increased by intervals from 1 to 7 h to ensure that all available sites had been methylated. This was performed in brain tissue from both air-breathing and N,O-treated animals. In the pig, the difference observed between air and N,O remained approximately 55% for the '0' and 50% for the 'N' methylation at each time interval. In the rat there was no significant difference between air and N 2 0 in either '0' or ' N methylation capacity.
(b) Addition of an exogenous methyl acceptor, histone type IIA. '0' methylation was increased by 70% and ' N methylation by 28% in pigs and by 75% and 45% respectively in rats in N 2 0 following addition of an alternative substrate histone type IIA. Similar increases were found in the air-breathing animals ( Table 3) . Thus, N 2 0 had no effect on the methyltransferase enzymes, which continued to function in uitro as well as in brain tissue derived from the N20-as the air-breathing animals.
DISCUSSION
The neuropathy associated with vitamin BI2 deficiency in man, so-called SCD, is characterized by a spongiform vacuolation of the myelin sheath This study confirms our earlier findings [ll] that, in the pig, inhibition of methionine synthase with N 2 0 leads to a marked fall of the SAM/SAH ratio, the methylation ratio, mainly as a result of a rise in SAH values. It also demonstrates hypomethylation of CNS proteins, which suggests an overall state of brain hypomethylation. These results imply that the inability to remethylate homocysteine via methionine synthase leads to an accumulation of homocysteine. This, in turn, causes a rise in the SAH concentration and a reduction in the methylation ratio, which switches off SAM-dependent methylation reactions Protein hypomethylation (up to 50%) was present in the cerebral cortex, the cerebellum and the spinal cord of pigs who developed ataxia after 4 months in N 2 0 . The livers of these animals showed no significant difference in their methylation ratios or protein hypomethylation when maintained in N 2 0 as compared with air. This suggests that, in the liver, homocysteine was remethylated by the alternative pathway using betaine methyltransferase, which is not present in brain [4] .
Brain hypomethylation did not occur during treatment periods of up to 2 months, during which time the clinical effects were minimal. The degree of hypomethylation coincided with and reflected the severity of the ataxia, which occurred only after 4 months' therapy. This suggests that, although the methylation ratio is severely affected from an early stage (Table 2) , some further event must precipitate hypomethylation on a large enough scale to cause ataxia and be detectable by our in uitro assay. A possible explanation may be that the abnormal methylation ratios seen in earlier periods were due to an increase in the SAH levels. However, after 4 months in N 2 0 there was also a significant reduction in the SAM level. This suggests that eventually the level of SAM is vital, and when this can no longer be maintained protein hypomethylation and clinically observable ataxia quickly develop. This would be consistent with our recent in uitro observations that both a reduced methylation ratio and a low SAM level are necessary to induce protein hypomethylation in pig and human brain tissue
The findings in the rat are in marked contrast to those in the pig and mirror the findings previously reported [ 111. The methylation ratio remained normal even after 4 months' N 2 0 exposure, and protein hypomethylation did not develop. We have previously maintained rats in N 2 0 for periods of over 1 year without observing any clinical effects [24] . This suggests that rats either have an alternative method of metabolizing homocysteine or
~131.
have a more efficient method of exporting it from the cell than those animals which develop the neuropathy.
Previous studies support the suggestion that the high SAH levels shown in this study affect SAMmediated methylation reactions. Protein methylase 1, the enzyme which methylates arginine in MBP at position 107, is affected in uitro by SAH [25] and SAH analogues [26] . This enzyme can also be inhibited in uitro by blocking methionine adenosyltransferase with cycloleucine [27, 281. The methylation of MBP is reduced by 35-50% in chickens treated with cycloleucine. This induces a myelin vacuolation similar to that seen in B,, deficiency in man [29, 141. These observations support the hypothesis [23, 301 that SCD occurs as a result of hypomethylation of MBP.
In contrast, Deacon et al. [31] failed to confirm in N,O-treated rats and fruit bats the abnormal methylation of arginine-107 found in MBP after cycloleucine administration [ 141. These findings are not surprising since rats do not develop the neuropathy [ll, 241, and in the fruit bat SAH is not elevated after N,O treatment [32] .
Other studies have shown that SAH inhibits protein methylation. Brain '0' and ' N methylation is reduced by 50% after elevation of SAH [16, 331. Inhibition of protein methylase I1 by SAH has been demonstrated in intact erythrocytes [34] and in patients with chronic renal failure, who were found to have elevated homocysteine and SAH levels [35] . Similarly, a reduced SAM level aggravates the degree of brain protein hypomethylation for any given methylation ratio [13] . This supports the concept that the acquired immunodeficiency syndrome neuropathy, which is characterized by a vacuolar myelopathy similar to B,, deficiency [36] and is also associated with an abnormal cerebrospinal fluid methylation ratio [37] , may be particularly severe in situations in which there is a low SAM level [37, 381. In conclusion, in contrast to the rat, the pig, an animal in which N,O exposure induces a myelopathy similar to that seen in SCD, has been shown to have a reduced methylation ratio and a marked degree of hypomethylation throughout the central nervous system. It is suggested that this is due to elevated SAH levels, which inhibit the SAMmediated methylation reactions necessary to maintain a normal degree of brain methylation.
